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A B S T R A C T   

The nuclear power industry has growing interest in qualifying powder metallurgy with hot isostatic pressing 
(PM-HIP) to replace traditional alloy fabrication methods for reactor structural components. But there is little 
known about the response of PM-HIP alloys to reactor conditions. This study directly compares the response of 
PM-HIP to forged Ni-base Alloy 625 under neutron irradiation doses ~0.5–1 displacements per atom (dpa) at 
temperatures ranging ~321–385 ◦C. Post-irradiation examination involves microstructure characterization, 
ASTM E8 uniaxial tensile testing, and fractography. Up through 1 dpa, PM-HIP Alloy 625 appears more resistant 
to irradiation-induced cavity nucleation than its forged counterpart, and consequently experiences significantly 
less hardening. This observed difference in performance can be explained by the higher initial dislocation density 
of the forged material, which represents an interstitial-biased sink that leaves a vacancy supersaturation to 
nucleate cavities. These findings show promise for qualification of PM-HIP Alloy 625 for nuclear applications, 
although higher dose studies are needed to assess the steady-state irradiated microstructure.   

1. Introduction 

Traditional manufacturing methods, such as casting and forging, 
have been used for structural components in the nuclear industry since 
its inception. However, with increasing demands of structural materials 
for Generation IV reactor systems [1–4], novel advanced manufacturing 
techniques such as powder metallurgy with hot isostatic pressing 
(PM-HIP) are receiving serious consideration for in-reactor use [5–7]. 
PM-HIP is a solid state manufacturing process wherein metal powders 
are densified into near-net shape components under high temperatures 
(~0.7Tm) and pressures (>100 MPa) [8,9]. PM-HIP materials offer 
numerous advantages over traditional forgings, including chemical ho-
mogeneity, fewer manufacturing defects, near-net shape production, 
and reduced reliance on machining and welding [5–7,10]. Additionally, 
HIP has also been used as a post-processing densification treatment for 
traditional and advanced manufactured materials [11,12]. Since 
PM-HIP fabricated 316L austenitic stainless steel has been approved by 
the ASME Boiler and Pressure Vessel Code (BPVC) for use in oil and gas 
energy production plants [6], there is growing interest in 

code-qualifying PM-HIP alloys for use in nuclear applications. 
Efforts to systematically characterize irradiation effects and gather 

quantitative data on a number of PM-HIP structural alloys including 
austenitic steels, ferritic/martensitic steels, and Ni-based alloys are 
ongoing [13]. Previously, only limited investigations into the irradiation 
response of PM-HIP alloys had been performed. In studies by Carter et al. 
and Gasparrini et al. respectively, low-carbon steel SA508 was HIP 
processed then irradiated with neutrons (155 ◦C, 0.1 dpa) or He ions 
(room temperature, 0.6 dpa) [14,15]. Carter and coworkers observed 
irradiation hardening associated with uniform Ni–Mn–S–P clustering in 
both the bainite and ferrite phases, whereas Gasparrini and coworkers 
attributed considerable hardening to bubble/void formation. Finally, 
Jiang, et al. investigated void swelling in additively manufactured 316L 
stainless steel treated with HIP, under ion irradiation to 100 dpa at 
various temperatures [16]. They found that the HIP specimens display a 
longer incubation period before void swelling as compared to non-HIP 
counterparts [16]. These studies present inconclusive and widely 
differing findings on PM-HIP irradiation response; thus, further inves-
tigation is warranted. 
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The present study focuses on Alloy 625, a Ni–Cr alloy solution- 
strengthened by Mo and Nb. Under long-term thermal aging, Alloy 
625 can also be precipitation-strengthened by a fine homogenous 
dispersion of γ” phases [17,18]. Ni-based alloy grades including 625 
have received renewed interest for nuclear core components, particu-
larly in Generation IV reactor systems such as molten salt reactors [4,19, 
20]. In such systems, reactor core components will be subject to oper-
ating temperatures as high as 600–700 ◦C and irradiation fluences up to 
10s–100s of dpa. Currently, the existing light water reactor fleet utilizes 
Alloy 625 in heat exchanger tubing, steam generators, pipes, and valves, 
due to its high temperature strength and resistance to corrosion [21–23]. 
One concern with Alloy 625 and other Ni-base alloys is the precipitation 
of hardening and embrittling phases such as the body-centered ortho-
rhombic Pt2Mo-type ordered phase. Such long-range ordering (LRO) is a 
diffusional process, and outside of irradiation conditions, the kinetics of 
Pt2Mo-type precipitation are slow (105 h) [24]. However, under proton 
and neutron irradiation, radiation-enhanced diffusion increases the ki-
netics of precipitation by 2–3 orders of magnitude [25–28]. 

Progress has been made in systematically characterizing PM-HIP 
Alloy 625 for code qualification in nuclear applications. Guillen et al. 
first compared as-received wrought and PM-HIP Alloy 625 grain struc-
tures and mechanical properties utilizing far field high energy diffrac-
tion microscopy in situ tensile testing [29]. The study indicates that 
despite a finer grain structure, the PM-HIP Alloy 625 exhibits a lower 
yield strength than its wrought counterpart. Getto et al. compared the 
effects of thermal aging on grain structure and mechanical properties for 
wrought and PM-HIP Alloy 625 [7]. Through electron backscatter 
diffraction (EBSD) and nanoindentation, the study determines both 
fabrication methods exhibit unchanged hardness with thermal aging up 
to 800 ◦C, after which the wrought material experiences statistically 
significant softening. Most recently, Clement et al. investigated the dose 
and temperature dependencies of microstructure and mechanical 
properties of PM-HIP and forged Alloy 625 irradiated with 4.5 MeV Fe 
ions to 50 and 100 dpa at 400 ◦C and 500 ◦C [30]. That study found that 
the overall microstructural and mechanical responses between the 
PM-HIP and forged specimens are similar, but that a lower initial 
dislocation density in the PM-HIP leads to a more rapid evolution of the 
irradiation microstructure. However, emulation of neutron irradiation 
effects with ions is not sufficient for fully understanding how in-reactor 
conditions affect a structural alloy [28]. For example, ion irradiations 
cannot emulate cavity (i.e., voids and bubbles) nucleation that occurs in 
Ni-base alloys under neutron irradiation partially because the two-step 
transmutation reactions 58Ni + n = 59Ni and 59Ni + n = 56Fe + 4He 
only occur with neutrons as the irradiating specie [28,31,32]. Hence, 
neutron irradiation is necessary to truly capture in-reactor microstruc-
tural evolution, and to enable bulk mechanical testing [33]. 

The present study is the first to characterize the effects of neutron 
irradiation on the microstructural evolution and mechanical properties 
of Alloy 625 fabricated by PM-HIP as directly compared to a forged 
counterpart. In this work, TEM disks and threaded tensile bars are 
irradiated to a target dose of 1 dpa at a target temperature of approxi-
mately 400 ◦C. Mechanical properties are evaluated using ASME E8 
tensile testing, while a combination of scanning transmission electron 
microscopy (S/TEM) and atom probe tomography (APT) are used to 
characterize the irradiated microstructure. Structure-property relation-
ships under irradiation will be understood and interpreted in the context 
of the initial sink strength of the materials. The results of this study will 
contribute to the broader understanding of irradiation effects on Ni al-
loys, as well as the influence of fabrication method on irradiation 
response. 

2. Materials and methods 

2.1. Fabrication and irradiation 

Ingots of forged and PM-HIP Alloy 625 are provided by the Electric 

Power Research Institute. The PM-HIP powder consolidation is con-
ducted at 103 MPa and 1121 ◦C, followed by solution annealing at 
1171 ◦C for 2 h with water quenching. The forged ingot is cast and hot 
rolled, then solution annealed at 1040 ◦C for 2 h 40 min with air cooling. 
The final two-step heat treatment consists of further solution annealing 
at 1075 ◦C for 30 min with water quenching, and thermal aging at 
700 ◦C for 15 h with air cooling. Comprehensive details of the alloy 
fabrication processes are provided in Ref. [30], which shows that dif-
ferences in fabrication and heat treatment history result in differences in 
as-received microstructures, and thus influence the irradiation response. 
Chemical composition, Table 1, is measured using inductively coupled 
plasma atomic emission spectroscopy for material certification and is 
confirmed using energy dispersive x-ray spectroscopy in a scanning 
electron microscope (SEM) [7,29]. 

Both the PM-HIP and forged ingots are machined into disc specimens 
and ASTM E8 standard threaded round tensile specimens. The discs are 
prepared by wire electrical discharge machining to 3 mm diameter and 
150 μm thickness, then hand polished to mirror finish. The tensile 
specimens are computer numerical control machined to an overall 
length of 76.2 mm, gauge diameter of 6.35 mm, and surface roughness 
of 3.2 μm. Specimen drawings are shown in Fig. S1 in the supplementary 
information document. The specimens are loaded into capsule “400C/1 
DPA (X)” for insertion into the Advanced Test Reactor (ATR) at Idaho 
National Laboratory (INL). The capsule is filled with a gas mixture of 
80% helium and 20% argon and was irradiated in ATR inboard position 
A7 during cycle 164A. The target dose and temperature are 3.30 × 1020 

n/cm2, equivalent to 1 dpa, at 400 ◦C. Actual irradiation doses ranged 
0.52–0.73 for the tensile bars and 1.05–1.06 dpa for the discs; and 
average temperatures ranged 321-354◦C for the tensile bars and 385◦C 
for the discs, Table 2. Comprehensive details of the neutron irradiation 
experiment design, fluence calculations, and temperature calculations, 
are provided in ref. [34]. 

After irradiation, the capsules are disassembled inside the hot cells at 
the Hot Fuel Examination Facility (HFEF) at the Materials and Fuels 
Complex at INL. Specimens are visually examined, then prepared for 
post-irradiation examination.The discs are decontaminated then elec-
tropolished in 12.5% perchloric acid +87.5% ethanol maintained at 
− 17.5◦C using a Struers Tenupol-5 operating at 18 V and a resultant 
current ~75 μA. The polished discs are then shipped to the Center for 
Advanced Energy Studies for microstructural characterization. The 
tensile bars are also decontaminated but remained in the HFEF hot cells 
for tensile testing. 

2.2. Microstructural characterization 

Prior to irradiation, the TEM disks are mechanically polished using 
SiC paper up to 1200 grit, then electropolished in 10% perchloric acid 
+90% methanol (by volume) solution at − 40 ◦C and 35 V for 20 s. After 
irradiation, another electropolish is conducted using the identical so-
lution and conditions to remove minor surface damage accumulated 
during handling, inspections, and decontamination. An FEI Quanta 3D 
dual-beam SEM/Focused Ion Beam (FIB) is used to create TEM lamellae 
from the TEM disks using the method described by Clement et al. [30]. A 
2 × 20 × 3 μm Pt deposition is placed across an area of interest spanning 
over a grain boundary. The area surrounding the deposition is then 
trenched out with the regular cross-section function at ± 1.5◦ stage tilt, 
before the lamellae are cut free and lifted out. The lamellae are then 
mounted onto Cu TEM half-grids, then thinned at ± 1.5◦ tilt using 30 kV 
Ga+ ions at 1 nA current until achieving a 250 μm thickness. Then, a 5 
kV polish at 0.26 nA and ±3.0◦ tilt is applied until electron transparency 
was achieved. A final 2 kV polish is applied at 47 pA and ±5.0◦ tilt for 3 
min on each side to remove residual FIB surface damage and deposits. 
APT specimens are also fabricated using FIB milling as described in Refs. 
[35,36]. A lift-out lamella is sliced into ~1 μm pieces, each is then Pt 
welded to a Si post on a microtip array coupon. Iterative annular milling 
is used to shape each microtip into a needle with radius <100 nm. A 
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low-energy 5 kV polish and 2 kV final cleaning are applied to minimize 
any damage associated with Ga+ ion penetration from FIB milling. 

An FEI (now a subsidiary of Thermo Fisher Scientific) Tecnai G2 F30 
S/TEM is used for microstructural characterization of the irradiated 
samples. Dislocations and dislocation loops are analyzed using the 
down-zone bright field S/TEM technique first described by Parish et al. 
[37]. The samples are loaded in a double-tilt holder and tilted to the 
<101> zone axis. Then the microscope is placed in BF–S/TEM mode, 
which relaxes the g•b invisibility criterion and allows for simultaneous 
imaging of all loop types. This technique allows for faster character-
ization and strong contrast as compared to traditional weak beam dark 
field or rel-rod methods for dislocation and loop imaging [38,39]. 
Recent work by Xiu et al. [40] illustrates the orientation and contrast of 
faulted and perfect loops at each orientation in FCC materials using 
down-zone bright field S/TEM imaging. To image irradiation-induced 
voids, the Fresnel contrast through-focus technique is used in bright 
field TEM. Lamella thicknesses are calculated using the zero-loss peak in 
electron energy loss spectroscopy. S/TEM and TEM datasets are 
analyzed using Gatan Digital Micrograph and TEM Instrument Analysis 
software. 

APT needles are analyzed in a Cameca Local Electrode Atom Probe 
4000x HR instrument operating in laser pulse mode at 45 K base tem-
perature. A pulse frequency and laser energy of 200 kHz and 60 pj, 
respectively are chosen. The Cameca IVAS Version 3.8.6 software is used 
to conduct 3D reconstructions of the needles. Reconstructions are 
rendered in IVAS using the procedure outlined in Ref. [41]. Five total 
needles from the irradiated forged material, and three total needles from 
the irradiated PM-HIP material, are run to >2 million ion histories and 
therefore had sufficient statistics for cluster analysis. Key cluster analysis 
variables Nmin and dmax, the maximum separation distance and the 
minimum distance between atoms in a cluster, respectively, are found 
through an iterative process as described by Swenson and Wharry [41]. 
The average Nmin value for the forged material is 17.75 ions, and for the 
PM-HIP material is 17.67 ions. The average dmax value for the forged 
material is 0.93 nm, and for the PM-HIP material is 1.41 nm. The 
number density, volume fraction, and radius of the precipitates, are 
subsequently calculated using the methods mentioned in Ref. [42]. 

2.3. Tensile testing 

Uniaxial tensile testing is performed on the irradiated specimens as 
well as reference as-received specimens. Tests are conducted at room 
temperature in an inert argon environment using a 13 M Instron load 
frame inside the hot cells at the HFEF at INL. The test is conducted in 
accordance with ASTM E8 for threaded grip specimens. The crosshead 
speed is 0.279 mm/min which equates to a strain rate of 8.78 × 10− 3 

s− 1; after 10% strain, the speed is increased to 1.0 mm/min (0.0315 s− 1) 
until failure. A Lyra3 Tescan SEM at INL is then used to analyze the 
fracture surfaces of the PM-HIP and forged tensile bars. 

3. Results 

3.1. Summary of as-received microstructure 

The as-received grain, precipitate, and dislocation microstructures 
from Refs. [7,29,30] are summarized in Table 3. From those studies, the 
PM-HIP and forged grain sizes are 6.9 ± 10 μm and 9.0 ± 8.2 μm 
respectively, and the initial PM-HIP and forged dislocation densities are 
1.6 ± 0.3 × 1013 m-2 and 8.5 ± 1.3 × 1013 m-2 respectively. The lower 
dislocation density in the PM-HIP alloy is attributed to its higher pro-
cessing temperature and the absence of rolling or other deformation 
processing. Both fabrication methods exhibit micro-scale (Nb,Mo)-rich 
carbides preferentially decorating the grain boundaries. Residual oxides 
from powder processing are also observed in the PM-HIP material. The 
γ′′ precipitation strengthening phase is not observed in either the 
PM-HIP or forged materials, which is reasonable given the heat treat-
ments employed. Amongst these microstructural features, the disloca-
tion density has the greatest influence on the initial sink strength of the 
alloys. From Table 3, the calculated sink strength values are 0.2 × 1014 

m-2 and 1.22 × 1014 m-2 for the PM-HIP and forged specimens 
respectively. 

3.2. Irradiation-induced loops & cavities 

After neutron irradiation, a homogenous distribution of dislocation 
loops and cavities are observed in both specimens. Representative mi-
crographs of these features can be seen in Fig. 1, with quantifications 
provided in Table 3. The dislocation loop sizes and number densities 
differ, with PM-HIP having smaller (~5 nm vs. ~8 nm), but more 
numerous (~1.4 vs. ~1.1 × 1020 m-3) loops than its forged counterpart. 
This follows the trend observed in PM-HIP and forged alloy 625 irra-
diated by Fe+ ions [30], although the loop sizes and number densities in 
the present study are lower than those generated by Fe+ ion irradiation 
to higher doses (50 and 100 dpa) at higher temperatures (400◦C and 
500◦C) in Ref. [30]. This is reasonable, given that dislocation loops in 
Ni-based and other fcc alloys tend to grow in both diameter and density 
in the low dose regimes (such as the doses in the current study) before 
plateauing at doses >10 dpa [28,43]. 

Both the PM-HIP and forged specimens have cavity sizes ~2 nm, 
which are too small to distinguish voids (faceted) from bubbles, so this 
paper will henceforth describe cavities as inclusive of features that are 
potentially voids and bubbles. While cavity sizes are identical between 
the PM-HIP and forged materials, the cavity number density in the 
forged material (~37.6 × 1020 m− 3) exceeds that of the PM-HIP by a 
factor of >4 (8.96 × 1020 m− 3). Notably, cavities are not observed in the 

Table 1 
Nominal chemical compositions (wt%) measured by ICP-AES (material certifications) and by SEM EDS; in all cases, the balance is Ni.  

Alloy Method Fe Cr Mo Nb Mn Si Al Ti F C P S O 

PM-HIP ICP-AES 3.6 21.9 8.2 3.7 0.41 0.45 <0.05 0.006 – 0.01 0.003 0.003 – 
SEM EDS 3.57 23.0 7.25 3.75 0.544 0.688 0.106 – 0.22 – – – 0.25 

Forged ICP-AES 3.5 21.8 8.4 3.6 0.35 0.12 0.09 0.18 – 0.01 0.006 0.004 – 
SEM EDS 3.52 23.7 7.58 3.57 0.415 0.195 0.308 0.313 – – – – –  

Table 2 
Irradiation conditions for all specimens examined.  

Specimen Fluence 
[1020 n/ 
cm2] 

Dose 
[dpa] 

Maximum 
Temperature [◦C] 

Average 
Temperature 
[◦C] 

PM-HIP TEM 
Disc 

3.47 1.05 386 385 

PM-HIP 
Tensile Bar 
1 

2.38 0.73 352 339 

PM-HIP 
Tensile Bar 
2 

1.76 0.53 330 321 

Forged TEM 
Disc 

3.51 1.06 386 385 

Forged 
Tensile Bar 
1 

2.35 0.71 363 354 

Forged 
Tensile Bar 
2 

1.74 0.52 346 335  
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identical PM-HIP and forged materials under Fe2+ ion irradiation [30]. 
But this is reasonable considering the temperature shift theory [44], 
which suggests that the higher ion irradiation dose rate requires higher 
temperatures for defect migration to have comparable kinetics to 
neutron irradiation. Additionally, Getto et al. show that in ferri-
tic/martensitic steel, cavity formation is unlikely by ion irradiation 
alone at doses <100 dpa without concurrent He injection [45]. 

The cavity density observed in the current study is larger than that 
reported in a study of 2 MeV proton irradiated Alloy 625 by Tucker et al. 
[27]. Specifically, they observe a number density of 1.4 × 1020 m− 3 at a 
similar dose as the current study (1.5 dpa) but lower temperature 
(300 ◦C). This can be reconciled because beginning at around 400 ◦C, fcc 
alloys enter the Stage III temperature regime, where the kinetics of va-
cancy migration increase such that cavity nucleation occurs at signifi-
cantly greater densities [28,43]. Coupled with the higher dose rate of 
proton irradiation reducing the effective vacancy migration, the higher 
cavity number densities in the current study are reasonable. 

Both the PM-HIP and forged specimens experience a decrease in 

network dislocation density during irradiation to 1 dpa. This behavior is 
in agreement with the Garner and Wolfer model of the evolution of 
network dislocation density in irradiated metals [46], wherein the initial 
dislocation density in AISI 316 steel decreases during neutron irradia-
tion through 25 dpa. Note, however, that this decrease may not be 
entirely due to irradiation, but may partly be attributed to thermal 
annealing over the long duration of the material being held at an 
elevated temperature. Chen et al. additionally observes a decrease in 
dislocation density for Hastelloy N irradiated with room temperature 
Xe20+ ions, which they ascribed to dislocation climb to free surfaces by 
the absorption of interstitials under irradiation [47]. In the current 
work, the irradiation temperature, time, and dose may provide sufficient 
thermal energy and interstitial population to activate migration and 
climb of network dislocations to free surfaces [46,47]. At the same time, 
the dose in the current study is not sufficient for the faulted loops to 
grow, interact with the network, then unfault, which would otherwise 
enable the total dislocation density to achieve a steady-state. Work 
compiled by Zinkle indicates that fcc alloys irradiated over 375–400 ◦C 

Table 3 
Summary of quantitative microstructure evolution, with accompanying calculations for initial sink strength and predicted irradiation hardening.  

Specimen Feature Measurement As-Received (from Ref. [30]) Irradiated (~1 dpa) 

Value Sink Strength [1014 m− 2] Value Expected hardening [MPa] 

PM-HIP Grains Diameter [10− 6 m] 6.9 ± 10 0.005 n/a n/a 
Loops Diameter [10− 9 m] –  4.8 ± 0.21 15.2 ± 0.2 

No. density [1020 m− 2] – – 1.41 ± 0.04 
Cavities Diameter [10− 9m] – – 2.4 ± 0.20 90.3 ± 5.1 

No. density [1020m− 3] – – 8.96 ± 3.15 
Si clusters Diameter [10− 9 m] – – 5.77 ± 0.19 36.3 ± 3.3 

No. density [1022 m− 2] – – 6.69 ± 1.68 
Lines Density [1013 m− 2] 1.6 ± 0.3 0.2 1.37 ± 0.26 − 14.0 ± 3.9 
Total – – – – 128 ± 13 

Forged Grains Diameter [10− 6 m] 9.0 ± 8.2 0.003 n/a n/a 
Loops Diameter [x10− 9 m] – – 8.1 ± 0.24 29.1 ± 0.5 

No. density [x1020 m-2] – – 1.10 ± 0.02 
Cavities Diameter [x10− 9m] – – 2.2 ± 0.12 172 ± 2.8 

No. density [x1020m− 3] – – 37.6 ± 15.4 
Si clusters Diameter [x10− 9 m] – – 3.56 ± 0.27 24.8 ± 3.0 

No. density [x1022 m-2] – – 4.97 ± 0.95 
Lines Density [x1013 m-2] 8.5 ± 1.3 1.22 6.28 ± 1.68 − 43.5 ± 3.8 
Total – – – – 182 ± 10  

Fig. 1. Representative micrographs of irradiation-induced loops and cavities in (a–c) forged and (d–f) PM-HIP Alloy 625. Loops are imaged using down-zone BF–S/ 
TEM, and example loops are boxed. Cavities are imaged using through-focus imaging, with both under- and over-focused images shown, with example cavities boxed. 
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do not reach a steady-state loop density until doses >10 dpa [43]. 

3.3. Irradiation-induced precipitation & clustering 

Selected area electron diffraction patterns along the [001] zone axis 
seen in Fig. 2 show no superlattice spots indicative of precipitation. 
While irradiation-induced LRO Pt2Mo-type precipitates can nucleate in 
Alloy 625 over irradiation temperatures ranging 300-360◦C, their for-
mation is sensitive to the initial heat treatment (both time and tem-
perature) of the alloy [25–27,48]. For example, Bajaj et al. observe 
neutron irradiation-induced Pt2Mo-type precipitates after 2.4 × 1020 

n/cm2 (~0.7 dpa) at 360 ◦C in Alloy 625 initially aged at 663 ◦C for 80 h 
[26], whereas in the current study, the forged material is aged for only 
15 h. Song et al. use a higher temperature heat treatment of 955 ◦C for 
only 0.5 h, and observe Pt2Mo-type precipitates after 2 MeV proton 
irradiation to 2.5 dpa at 360 ◦C [48]. Higher irradiation doses may be 
necessary to induce precipitation in less-aged or un-aged materials. For 
Alloy 625 aged at 650 ◦C for 25 h, Yu and Marquis report a dose of 5 dpa 
is necessary for 2 MeV proton irradiation at 300 ◦C to induce Pt2Mo-type 
precipitation; meanwhile, their solution annealed but un-aged Alloy 625 
does not display irradiation-induced precipitation until 11 dpa [25]. 

APT identifies Si clustering in both the PM-HIP and forged speci-
mens. While the number density of clusters is comparable between the 
two fabrication methods, the cluster diameter and volume fraction are 
greater in the PM-HIP than in the forged. Representative APT needle 
reconstructions can be seen in Fig. 3, while quantitative data of the Si 
clusters (averaged over all needles examined) can be seen in Fig. 5. 
Formation of Si clustering after irradiation has previously been observed 
in proton irradiated Alloy 625 and Alloy 625+ [22,25,27,49], as a likely 
precursor to the formation of L12-structured Ni3Si precipitates [49]. 

The larger Si clusters in the PM-HIP material than in the forging may 
either be due to the higher bulk Si concentration in PM-HIP (Table 1) or 
due to loss of Si to radiation induced segregation (RIS) at dislocation 
loops and networks in the forged specimen (see Fig. S2 in the supple-
mentary information document). The phenomenon of Si segregation to 
dislocation features has been previously reported in proton irradiated 
Alloy 625 and Alloy 625+ [25,49], but in the current study occurs only 
in the forged material. However, the smaller average loop size in the 
PM-HIP material could render Si RIS to be unresolvable as loops, and 
instead interpreted merely as clusters. Additionally, the lower disloca-
tion line density in the PM-HIP material reduces the likelihood of 
capturing a dislocation within the APT needle volume. RIS of Si occurs 
when irradiation generates a vacancy supersaturation, which results in a 
driving vacancy flux that drags substitutional Si atoms towards dislo-
cation cores due to positive Si-vacancy coupling [50]. 

3.4. Tensile testing 

Engineering stress-strain curves from uniaxial tensile testing are 
shown in Fig. 3(a). The corresponding values of yield strength (σY) at 
0.2% strain offset, ultimate tensile strength (UTS), Young’s modulus, 
and elongation at failure are quantified in Table 4. The tensile testing 

results will be presented systematically, with the as-received tensile data 
reported first, followed by an examination of the irradiated tensile data 
as a function of irradiation dose with fracture surfaces presented for the 
lowest dose specimens from each material. 

The as-received PM-HIP and forged specimens generally exhibit 
similar initial mechanical properties. They have virtually identical σY 
(~460 MPa) and similar UTS (768 MPa and 862 MPa, respectively), 
which are in close agreement with values from the archival literature 
[29,51] and the ASME Boiler and Pressure Vessel Code (BPVC) for Alloy 
625 [52]. The Young’s modulus values are 193 GPa and 217 GPa for the 
as-received PM-HIP and forged specimens respectively, which are higher 
than measured from dogbone shaped miniature tensile specimens cut 
from the identical PM-HIP and forged ingots reported in Ref. [29]. 
However, the higher moduli in the present study may be attributed to 
sub-sized mechanical testing specimens tending to exhibit lower elastic 
moduli than standardized specimens [53]. The as-received PM-HIP 
specimen fractures prematurely, resulting in artificially suppressed 
elongation at failure. Meanwhile, elongation of the forged specimen 
(56.0%) is in close agreement with values reported for Alloy 625 in the 
archival literature [54,55]. 

Under irradiation, the PM-HIP material begins to exhibit superior 
mechanical performance compared to the forged material. At ~0.5 dpa, 
the PM-HIP specimen exhibits less than half the irradiation-induced 
increase in σY (66.8 MPa) as the forged specimen (146 MPa); this dif-
ference is exacerbated at ~0.7 dpa (84.7 MPa increase in PM-HIP, 239 
MPa increase in forged). The irradiated PM-HIP specimens also exhibit 
greater ductility (total elongation of 45.9% and 39.2% at ~0.5 and ~0.7 
dpa, respectively) than the forged specimens (total elongation 40.4% 
and 36.0% at the respective doses). These findings suggest the PM-HIP 
material is more resistant to irradiation-induced hardening and 
embrittlement. Accordingly, the ~0.5 dpa fracture surface images, Fig. 4 
(b–e), reveal pronounced ductile cup-cone fracture in the PM-HIP 
specimen, while the forged specimen displays shearing. However, the 
surface dimples are larger on the forged specimen than on the PM-HIP 
specimen, suggesting that the forged specimen nevertheless fractures 
in a ductile manner. These results are notably different from a previous 
direct comparison of mechanical behavior of irradiated PM-HIP to 
forged material from Lind and Bergenlid [56,57], who report greater 
irradiation-induced ductility reduction in PM-HIP than in forged 316L 
austenitic stainless steel. 

Trends in UTS and Young’s modulus are less clear in the irradiated 
PM-HIP and forged materials, Table 4. The PM-HIP and forged speci-
mens have similar UTS at a given dose. But at ~0.5 dpa, the UTS is 
higher for the PM-HIP than for forged, while this trend reverses at ~0.7 
dpa. Young’s modulus appears to decrease with irradiation. Before 
irradiation, the PM-HIP material has higher modulus than the forged, 
but the opposite is true at ~0.5 and ~0.7 dpa. An irradiation-induced 
reduction in Young’s modulus is known to occur in Alloy 625 [58]. 
The decrease in Young’s modulus is correlated to increasing 
irradiation-induced void volume [59]. 

Fig. 2. TEM bright field images along [001] zone axis in (a) PM-HIP and (b) forged specimens, with inset diffraction patterns showing LRO after irradiation.  
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4. Discussion 

4.1. Structure-property relationships 

The irradiated microstructure is used to calculate the expected 
irradiation hardening (i.e., Δσy) shown in Table 3 using the Orowan 
dispersed barrier hardening (DBH) model: 

Δσyi =αiMμb
̅̅̅̅̅̅̅̅
Nidi

√

with α being the strength factor of a particular obstacle [60–62], M being 
the Taylor factor of 3.06 for fcc materials [63], μ being the shear 
modulus which is 81.4 GPa for Alloy 625 [51], b being the Burgers 

vector of 0.247 nm [64], and i being the type of obstacle. Here, four 
obstacle types are considered in the DBH model: dislocation loops, 
dislocation lines, cavities, and clusters. Cavities have the highest α at 
1.0, while dislocation loops are divided by size with small loops and 
large loops having α values of 0.3 and 0.5, respectively. This bifurcation 
of loop strength factors is predicated on work by Tan and Busby [61] as 
well as Lucas [60] detailing size dependence of defects on their overall 
contribution to hardening. The strength factors for all obstacles can be 
seen in Table S1 in the supplementary information document. Because 
the microstructure specimens and the tensile specimens have different 
total fluences (recall Table 2), the DBH model will be used to explain the 
probable contributions of various defects to the overall irradiation 
hardening. 

From Table 3 and Fig. 5, cavities are the most significant contributor 
to the observed irradiation hardening, and the difference in cavity 
density also is the most significant contributor to the difference in 
hardening observed between the PM-HIP and forged specimens. The 
DBH calculation predicts greater hardening in the forged than the PM- 
HIP, which is in good agreement with the experimental hardening 
trends at both ~0.5 dpa as well as ~0.7 dpa. Although the nucleation 
and growth of dislocation loops and clusters contribute to hardening and 
a reduction in ductility in both materials, the excess cavities in the 
forged specimens appear to be the major contributor to the differences in 
hardening and total elongation. These cavities are favored by the high 
initial dislocation density and sink strength of the forged material, which 

Fig. 3. Representative APT tip 3D reconstructions from irradiated a) PM-HIP and b) Forged Alloy 625, showing no clustering or segregation of major alloying species 
Ni, Cr, Mo, or Fe, but the presence of Si nanoclustering. 

Table 4 
Summary of mechanical properties from uniaxial tensile testing (* indicates 
premature fracture).  

Alloy Dose 
[dpa] 

σy 

[MPa] 
Δσy 

[MPa] 
Modulus 
[GPa] 

UTS 
[MPa] 

Elongation at 
failure [%] 

PM- 
HIP 

0 462.2 − 193 768 13.7* 
0.53 529.0 66.8 179 1004 45.9 
0.73 546.9 84.7 89 1011 39.2 

Forged 0 455.8 − 217 862 56.0 
0.52 602.2 146 94 964 40.4 
0.71 694.4 239 73 1088 36.0  

Fig. 4. (a) Uniaxial tensile stress-strain curves from as-received, ~0.5 dpa, and ~0.7 dpa PM-HIP and forged Alloy 625; fracture surfaces from ~0.5 dpa (b) forged 
and (d) PM-HIP tensile specimens, with circled regions shown in higher magnification in (c) and (e) respectively. 
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will be the focus of Section 4.2. 

4.2. Sink strength effects 

The initial sink strength directly controls the rate at which the 
microstructure evolves under irradiation [30]. In the present study, the 
initial sink strength of the as-received forged material is higher than that 
of the PM-HIP material by a factor of ~6, due to the dominant influence 
of the dislocation network density on the total sink strength (Table 3). 
Since dislocations are a biased preferential sink for interstitials [65–67], 
a supersaturation of vacancies will remain in the microstructure, which 
over time coalesce and combine with transmutation helium into cavities 
[28,68–71]. Thus, the higher as-received dislocation density explains 
the higher number density of cavities in the irradiated forged material. 
Moreover, since cavities are the microstructural features with the 
greatest influence on irradiation hardening, the initial dislocation den-
sity and sink strength can also explain the higher hardening in the forged 
specimens. Additionally, cavities may migrate in reactor conditions 
under the presence of an applied tensile stress to grain boundaries, 
which leads to further embrittlement, loss of ductility, and a transition 
from transgranular to intergranular fracture leading to brittle failure 
below prescribed mechanical conditions in austenitic alloys [28,32,72, 
73]. 

These results underscore the importance of sink bias in predicting the 
irradiation resistance of materials. Although engineering irradiation 
tolerance by introducing sinks has been the subject of extensive research 
over the past ~ decade [74–78], much of these efforts have focused on 
engineered interfaces or grain boundaries, which are generally under-
stood to be unbiased or variably biased depending on defect pre-loading 
[79,80]. Consequently, higher unbiased sink strengths enhance resis-
tance to irradiation defect accumulation, and thus reduce irradiation 
hardening, e.g. in oxide dispersion strengthened steels [81,82]. Simi-
larly, lower unbiased sink strengths have been associated with irradia-
tion softening [83]. The relationship between increasing unbiased sink 
strength and reducing hardening is opposite that observed in the present 
study, wherein a reduced biased sink strength also suppresses irradiation 
hardening. 

The dose evolution of irradiation hardening may also be explained by 
the initial sink strength. The uniaxial tensile irradiation hardening of the 
forged material increases by nearly 100 MPa between ~0.5 and ~0.7 
dpa, while the irradiation hardening in the PM-HIP material remains 
relatively unchanged over the same dose range. In the forged material, 
cavities contribute nearly 95% of the irradiation hardening. Cavity 
formation requires that interstitials first diffuse to biased sinks (i.e., 
network dislocations) before vacancies nucleate into cavities. But 
because interstitials are faster diffusers than vacancies, cavity nucleation 
– and thus hardening – in the forged material may onset at a relatively 

higher dose. On the other hand, in the PM-HIP material, cavities 
contribute only 70% of the total irradiation hardening. The lower initial 
sink strength enables both interstitials and vacancies to contribute to 
microstructure evolution, and thus the irradiation hardening may onset 
at a relatively lower dose in the PM-HIP material. Hence, the PM-HIP 
microstructure likely develops more rapidly (i.e. at lower dose) than 
that of the forged, enabling the PM-HIP to reach mechanical stasis before 
the forged counterpart. Of course, these findings are based on a total 
neutron irradiation damage dose of 1 dpa, at which point the material is 
not expected to have yet reached steady-state point defect concentration 
[28,43]. However, the conclusions that can be drawn remain relevant 
for informing the initial response of PM-HIP and forged Alloy 625 in the 
low-dose transient regime, which ultimately impacts the dose at which 
steady-state is attained. 

Overall, the PM-HIP Alloy 625 responds to neutron irradiation 
favorably as compared to its forged counterpart. This can be attributed 
in part to a lower initial dislocation sink strength, which creates starting 
conditions less favorable for cavity nucleation and hardening. Compo-
sitional differences between the PM-HIP and forged specimens are noted 
and are believed to have minor effects such as larger irradiation-induced 
Si clusters in the PM-HIP specimen. However, differences in network 
dislocation density inherent to the PM-HIP and forged materials are 
most influential over their irradiation behavior because of the biased 
sink strength. Tailoring fabrication conditions to engineer sink bias and 
thus enhance irradiation tolerance presents an opportunity for deploy-
ing alloys fabricated by PM-HIP or other advanced processing methods 
in nuclear applications. 

5. Conclusion 

PM-HIP and forged Alloy 625 are irradiated in the Advanced Test 
Reactor with thermal neutrons. Microstructure characterization speci-
mens are irradiated to doses of 1.05–1.06 dpa at an average temperature 
of 385 ◦C; uniaxial tensile specimens are irradiated to doses of 0.52–0.53 
dpa and 0.71–0.73 dpa at average temperatures ranging 321-354◦C. The 
irradiation-induced microstructural evolution and change in mechanical 
properties are directly compared across fabrication types. Major con-
clusions are:  

• At least through doses of ~1 dpa, PM-HIP Alloy 625 appears more 
resistant to irradiation-induced cavity nucleation than its forged 
counterpart, and thus exhibits less irradiation hardening. This is 
attributed to the higher initial dislocation density in the forged 
specimen, which are biased sinks for interstitials.  

• The PM-HIP specimen has larger Si nanoclusters than the forged, 
while the forged has larger dislocation loops than the PM-HIP; these 

Fig. 5. Comparison of (a) PM-HIP to (b) forged irradiation hardening, measured as a function of dose at ~0.5–0.7 dpa, and to dispersed barrier hardening calculation 
at 1 dpa. 
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differences essentially offset one another in their influence on irra-
diation hardening between the two materials.  

• Between ~0.5 and ~0.7 dpa, irradiation hardening appears to 
saturate in the PM-HIP tensile specimens but does not saturate in the 
forged tensile specimens. This may be explained by differences in 
initial biased sink density between the PM-HIP and forged materials.  

• PM-HIP specimens exhibit greater ductility as a result of irradiation 
than forged specimens.  

• The comparative irradiation performance of PM-HIP Alloy 625 over 
its forged counterpart supports the qualification of PM-HIP compo-
nents for nuclear applications up to the ~1 dpa damage dose studied. 
Higher dose studies may be necessary to inform steady-state irradi-
ation response. 
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